Rare Isotope Formation in Complete Fusion and Multinucleon Transfer Reactions in 
Collisions of Ca +74°Cm around Coulomb Barrier Energies 


Peng-Hui Chen,!’?)* Fei Niu,? Xin-Xing Xu,? Zu-Xing Yang,* Xiang-Hua Zeng,ř and Zhao-Qing Feng*:! 
1 School of Physical Science and Technology, Yangzhou University, Yangzhou 225009, China 
2 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China 
3 School of Physics and Optoelectronics, South China University of Technology, Guangzhou 510641, China 
“RIKEN Nishina Center, Wako, Saitama 351-0198, Japan 
° College of Electrical, Power and Energy Engineering, Yangzhou University, Yangzhou 225009, China 
(Dated: March 3, 2022) 


Within the framework of the dinuclear system model, the reaction mechanisms for synthesizing 
target-like isotopes from Bk to compound nuclei Lv are thoroughly investigated in complete and 
incomplete fusion reaction of “*Ca +?4%Cm around Coulomb barrier energies. Production cross 
section of ?9>?93Lv as a function of excitation energy in fusion-evaporation reactions and target-like 
isotopic yields in multinucleon transfer reactions are evaluated, in which a statistical approach is used 
to describe the decay process of excited nuclei. The available experimental data can be reproduced 
well with the model reasonably. The products of all possible formed isotopes in the dynamical pre- 
equilibrium process for collision partners at incident energy Fiab = 5.5 MeV/nucleon are exported, 
systematically. It was found that the quasi-fission fragments are dominant in the yields. The optimal 
pathway from the target to compound nuclei shows up along the valley of potential surface energy. 
The effective impact parameter of two colliding partners leading to compound nuclei is selected from 
head-on collision to semi-central collision with L = 52 h. The timescale boundary between complete 
fusion and multinucleon transfer reactions is about 5.7x1077! s with effective impact parameters. 
Synthesis cross section of unknown neutron-rich actinides from Bk to Rf have been predicted around 


several nanobarns. 


PACS number(s): 25.70.Jj, 24.10.-i, 25.60.Pj 


I. INTRODUCTION 


To find the limits of the nuclear landscape, theoret- 
ical and experimental nuclear physicists devote to ex- 
plore synthesis of exotic nuclei and superheavy elements 
(SHE) toward drip lines and island of stability via heavy 
ion collisions. For producing unknown superheavy el- 
ements, fusion-evaporation reactions have been widely 
used in different laboratories all over the world. In re- 
actions of actinides with a double magic Ca beam at 
Flerov Laboratory of Nuclear Reactions (FLNR, Dub- 
na) [1, 2], the synthesis of SHEs with atomic num- 
ber Z up to 118 has been claimed. In Gesellschaft 
fiir Schwerionenforschung (GSI), the production of su- 
perheavy elements with Z = 107-112,114-117 has been 
identified[3, 4]. The production of new element Niho- 
nium (Z = 113) in collision of Zn + ?°°Bi has been 
observed at RIKEN[5]. The element Flerovium (Z=114) 
has been sythesized in Lawrence Berkeley National Lab- 
oratory (LBNL, Berkeley) [6]. Chinese group SHE has 
sythesized superheavy isotopes Dubnium (Z = 105), 
Bohrium (Z=107), Darmstadtium (Z=110) in Institute 
of Modern Physics(IMP, Lanzhou)[7—9]. To produce ex- 
otic transuranium isotopes, multinucleon transfer (MNT) 
reactions are proposed to perform experiments with ra- 
dioactive beams in laboratories. It has advantages that 
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products are formed with wide mass region owing to 
broad excitation function in the MNT products. The 
complete fusion reactions between two heavy partner- 
s at energies around the Coulomb barrier are strongly 
damped by competing incomplete fusion reactions (quasi- 
fission and deep-inelastic reactions). Therefore, more in- 
sightful theoretical and experimental studies of the reac- 
tion mechanisms are required to make precise prediction 
for the probability of compound nuclei and MNT prod- 
ucts in such reactions. 

The quasi-fission and deep-inelastic heavy-ion colli- 
sions have been extensively investigated in experiments 
since 1970s, in which MNT reactions had been proposed 
to synthesize superheavy elements initially. However, 
new neutron-rich projectile-like fragments and proton- 
rich actinide nuclei were observed in laboratories [10-16]. 
In particular, isospin asymmetric collisions may provide 
valuable information on production mechanism of exotic 
heavy nuclei. In laboratories worldwide, the reactions of 
136Xe+208Pþp (17, 18], 136X 64 198pt [19], 156,160 Qq+186W 
[20], ?238U+?32Th [21] have been performed to creat un- 
known neutron-rich heavy nuclei nearby neutron shell N 
= 126, applied to understand the origin of heavy elements 
in nuclear astrophysics. 

Following the motivation for predicting exotic heavy 
and superheavy nuclei, several models have been devel- 
oped, such as the dynamical model based on multidimen- 
sional Langevin equations [22, 23], the time-dependent 
Hartree-Fock (TDHF) approach [24-27], the GRAZING 
model [28, 29], the improved quantum molecular dynam- 
ics (ImQMD) model [30, 31], the Langevin-type dynam- 


ical equations [32, 33], and the dinuclear system (DNS) 
model[34—39], etc. Some interesting issues of synthesis 
mechanism, total kinetic energy spectra, structure effect 
have been stressed. There are still some open problems 
for strongly damped reactions, for example, the mecha- 
nism of pre-equilibrium particles emission, the stiffness of 
nuclear surface during the nucleon transfer process, the 
mass limitation of new isotopes with stable heavy target 
nuclides, etc. 

In the three laboratories, FLNR[40], GSI[41] and 
RIKEN/[42] obtain cross-section excitation functions of 
3n, 4n evaporation channels for production of superheavy 
element Z=116 in 4*Ca induced reactions with 748Cm 
targets, early or late, respectively. In the experiments 
of synthesizing superheavy nuclei (Z=116) with 48Ca + 
248Cm [43-47], the massive independent yields of target- 
like fragments have been observed, especially new heavy 
isotopes involved. Production cross section of all formed 
products brings us an opportunity to investigate the in- 
terplay between equilibrium and dissipation for low en- 
ergy heavy-ion collisions as well as decay properties of 
excited SHN. So it attracts our interests to explore nu- 
clear dynamics of reaction mechansims in complete and 
incomplete fusion in terms of evolution time and dissipa- 
tion energy. 

In this work, the **Ca induced complete and incom- 
plete fusion reactions with the combination of ?4*Cm are 
calculated with the DNS model. The aim of this paper 
is to study the dynamics on the sythesis cross sections 
of nuclides in complete and incomplete fusion of 74%Cm 
with “8Ca projectile. The article is organized as follows: 
In Sec. II we give a brief description of the DNS model. 
Calculated results and discussions are presented in Sec. 
III. Summary is concluded in Sec. IV. 


II. MODEL DESCRIPTION 


The dynamical complete and incomplete fusion mecha- 
nisms are described as a diffusion process, in which result- 
ing distribution probability is obtained by solving a set 
of master equations numerically in the potential energy 
surface of the DNS. The time evolution of the distribu- 
tion probability P(Z,,Ni, E1, 8, t) for fragment 1 with 
proton number Z,, neutron number Nj, excitation en- 
ergy E, quadrupole deformation 8 is described by the 
following master equations: 


dP(Z,, Ni, E1, 8,t) 
dt 
XO Wz,.ni,6:21,N1,6(t) (dz, P(Z), Ni, E1, 8, t) 
Zi 
—dz.n, P(Z1, M1, E1, 6,t)] 
+X Wa2,.w.,6:2,,.n1,6(t)[dz,,n, P(Z1, Ni, Ei, B, t) 
Ni 
—dz, N: P(Z1, N1, E1, 6,t)] (1) 


The Wz N1,8;2.N1,8 2, Ny B:21,N',8) is the mean tran- 
sition probability from the channel(Zı, N1, E1, 8) to 
(Zi, Ni, E1, 8), [or (Z1, Ni, E1, 8) to (Za, N;, E,, 8)|, and 
dz,,z, denotes the microscopic dimension corresponding 
to the macroscopic state (Z1, Ni, £,).The sum is taken 
over all possible proton and neutron numbers that frag- 
ment (Z,,N;) may take, but only one nucleon transfer is 
considered in the model with the relations Zi =Z £1 
and N; =N, +1. 

The motion of nucleons in the interacting potential is 
governed by the single-particle Hamiltonian. The excited 
DNS opens a valence space in which the valence nucleons 
have a symmetrical distribution around the Fermi sur- 
face. Only the particles at the states within the valence 
space are actively for nucleon transfer. The transition 
probability is related to the local excitation energy and 
nucleon transfer, which is microscopically derived from 
the interaction potential in valence space as described in 
[48, 49]. 

The local excitation energy is determined by the dissi- 
pation energy from the relative motion and the potential 
energy surface of the DNS as 


e*(t) = ES) — (U({a}) — U({onn})). (2) 


The entrance channel quantities {apn} include the pro- 
ton and neutron numbers, quadrupole deformation pa- 
rameters and orientation angles being Zp, Np, Zr, Nr, 
R, Bp, Br, Op, Or for projectile and target nuclei with 
the symbols of P and T, respectively. The interaction 
time Tint is obtained from the deflection function method 
[50]. The energy dissipated into the DNS increase expo- 
nentially [51]. 

The potential energy surface (PES) of the DNS is e- 
valuated by 


Uar(t) = Qeg + Vo(Z1, Ni, b1, Z2, No, Bo, t) 
+Vn(Z1,.N1, Bi, Z2, N2, B2,t) + Vaer(t) — (3) 


which satisfies the relation of Zi + Z2 = Z and Mı + 
N = N with the Z and N being the proton and neu- 
tron numbers of composite system, respectively. The 
B(Z,, Ni)(i = 1,2) and B(Z, N) are the negative bind- 
ing energies of the fragment (Zi, Ni) and the composite 
system (Z, N), respectively. The 6; denotes the angles 
between the collision orientations and the symmetry axes 
of the deformed nuclei. Vuer(t) is the deformation energy 
of DNS at the moment t. The evolutions of quadrupole 
deformations of projectile-like and target-like fragments 
undergo from the initial configuration as 


Bry (t) = Br exp(—t/7g) + B1[1 — exp(—t/za)], 
Bp(t) = Bp exp (—t/Tg) + b2[1 — exp(—t/ta)] (4) 
with the deformation relaxation is Tg = 4 x 10771 s. 


The total kinetic energy (TKE) of the primary frag- 
ment is evaluated by 


TK E(A1) = Eom. + Qeg(A1) — E“*(A1), (5) 


where Qee = Mp + Mr — Mpir — Mrr and Ee.m. being 
the incident energy in the center of mass frame. The 
mass Mp, Mr, Mpyr and Mrr correspond to projectile, 
target, projectile-like fragment and target-like fragment, 
respectively. 

The cross-sections of the survival fragments produced 
in MNT reactions and fusion-evaporation residue cross- 
sections are evaluated by 


Jmax 
wh? 


Osur(Z1, Ni, Eom.) = Dil 


@F41) 
J=0 


x | HBT Eom 5B) PCM E, J B) 


xWsu (Z1, Ni, Ey, Ji, 5)dB (6) 


and 


” J=0 
x Pon (Ee.m. ’ J)War(Ec.m., J), (7) 


respectively. The u is the reduced mass of relative mo- 
tion. The transmission probability T(Ee.m., J) is calcu- 
lated by Hill-Wheeler formular in combination with bar- 
rier distribution function. The Æ and J; are the exci- 
tation energy and the angular momentum for the frag- 
ment (Zı, N,). The maximal angular momentum Jmax 
is taken to be the grazing collision of two nuclei. The 
survival probability Wsur of each fragment is evaluated 
with a statistical approach based on the Weisskopf evap- 
oration theory [52], in which the excited primary frag- 
ments are cooled in evaporation channels s(Zs, Ns) by 
y-rays, light particles (neutrons, protons, a etc) in com- 
petition with the binary fission via Z = Zi — Z, and 
N, = N; — Ng. The Pon(Ec.m., J) are fusion probabili- 
ty which sum over all the fragments probability located 
outside of BG (Businaro Gallone) point. The transfer 
cross-section is smoothed with the barrier distribution. 


II. RESULTS AND DISCUSSION 


In heavy-ion collisions, overcoming Coulomb barrier, 
kinetic energy of relative motion transforms rapidly into 
internal excitation of dinuclear system at contact point. 
The interaction potential distribution to distance, inter- 
action time to impact parameter and internal excitation 
energy to reaction time for the systems of 48Ca + ?48Cm 
reactions at incident energy Ejah = 5.5 MeV/nucleon are 
shown in Fig.1. The interaction potential is calculated as 
a function of surface distance bewteen two heavy part- 
ners. From panel (a), one can see that Coulomb barrier 
of colliding system is about 185 MeV, quasi-fission bar- 
rier is several MeV. The potential pocket locates nearby 
contact point almost. The reaction time is calculated by 
deflection function, plotting as a function of angular mo- 


mentim, which decreases exponentially with increasing 
angular momentum. The internal excitation energy dis- 
sipating in dinuclear system increases exponentially with 
increasing evolution time. The existence of the pocket in 
the entrance channel is crucial for the compound nucleus 
formation in fusion reactions, which is the input phys- 
ical quantity in calculating capture cross section. The 
barrier is taken as the potential value at the touching 
configuration and the nucleus-nucleus potential is calcu- 
lated with the same approach in fusion reactions [53]. 
According to Fig. 1, it was found that there are few 
MeV potential pocket for the heavy systems, because of 
the strong Coulomb repulsion between two colliding part- 
ners with Z, Z2 = 1860. The lighter collision systems own 
the deeper potential pocket relatively. The deeper poten- 
tial pocket collision system leads to the longer reaction 
time correspondingly. With impact parameter L = 50h 
for “°Ca+?4%Cm reaction, the timescale of reaching the 
almost equilibrium state for incident energy dissipating 
in internal excitation energy is about 5.7 x 1077's. 


The nucleons can be transferred between the collision 
partners resulting in the internal degree of freedom char- 
actering the nuclear states encounter a rapid rearrange- 
ment along the potential energy surface (PES) as well 
as dissipating their kinetic energy and angular momen- 
tum. The calculation of multi-dimensional adiabatic PES 
for heavy nuclear system is a quite complicated physical 
problem, which is still an open problem, so far. In this 
work, PES for tip-tip collisions of #8Ca+?4%Cm is calcu- 
lated by Eq. (3) as a diabatic type with frozen distance, 
shown in Fig. 2 (b). The solid black line, solid black 
circle and solid red triangle are valley value, projectile- 
target position and compound nuclei, respectively. The 
valley value in PES is listed as a function of mass, shown 
in Fig. 2 (a). The inner fusion barrier of the collision 
partners is Bfus = 5.24 MeV, which means that it needs 
to overcome 5.24 MeV barrier energy to fuse. The DNS 
fragments towards the mass symmetric valley release the 
positive energy, which is available for nucleon transfer. 
The spectra exhibits a symmetric distribution for each 
isotopic chain. The valley in the PES is close to the 
-stability line and enable the diffusion of the fragment 
probability. 

Figture 3 shows the calculation correlation of the to- 
tal kinetic energy (TKE) and mass distributions of the 
reaction products along with inclusion mass distribution 
for the #®Ca+?48Cm reaction at near-barrier energy of 
Flay = 5.5 MeV/nucleon. This calculations agree rough- 
ly well with experimental data [54]. They are consis- 
tent with that calculated by Langevin-type dynamical 
equations [55]. In most of the damped collisions the in- 
teraction time is rather short (several units of 10~?! s). 
These fast events correspond to grazing collisions with 
intermediate impact parameters, which are shown by the 
areas around projectile-target points. A large amount 
of kinetic energy is dissipated here very fast at relative- 
ly low mass transfer (more than 45 MeV during several 
units of several units of 107?! s). The other events cor- 
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(Color online) Solid black line and red dash-dots line are interaction potential of the tip-tip and side-side collisions as a 


function of surface distance in the reaction of ““Ca+?4*Cm in panel (a); In panel (b), Solid black and red dash lines corresponding 
to the reaction the ” boundary” of timescale between complete fusion and MNT reactions; The internal excitation energy of 
*8Cat+?48Cm collision at Fiay = 5.5 MeV/nucleon with impact parameter L = 50 h in panel (c). 


respond to much slower collision with large overlap of 
nuclear surface and significant nucleons rearrangement. 
In the TKE-mass plot, these events spread over a wide 
region of mass fragments. These fragments in the square 
areas indicate overcome inner barrier (Businaro Gallone 
point), which means they can lead to compound nuclei, 
in the framework of DNS model. 

Predicted and experimental excitation functions of 3n 
and 4n channels for production of Livermorium (Z=116) 
in the *8Ca induced reactions are shown in Fig. 4. The 
experimental data have been obtained at the FLNR, GSI 
and RIKEN, which correspond to blue symbol, black 
symbol and red symbol. Early or late, FLNR[40], GSI[41] 
and RIKEN[42] obtain excitation functions of 3n, 4n e- 
vaporation channels for production of superheavy ele- 
ment with Z=116 in collision of 42Ca + ?48Cm, respec- 
tively. In FLNR laboratory, at lower beam energies three 
irradiations were performed in Dubna in June-July and 
November-December 2000 and January and April-May 
2001 [40]. At E* = 30.5 MeV a cross-section limit of 0.9 
pb was reached. At £* = 33.0 MeV, three decay chains 
were measured resulting in a cross-section of (0.5373) p- 
b, which were assigned to 79° 116. At the same excitation 
energy a cross-section limit of 0.3 pb was obtained for the 
4n channel. The highest energy studied resulted in E* 
= 38.9 MeV. At this energy, six decay chains were mea- 
sured and assigned to 797116 resulting in a cross-section of 
(3.3175) pb for the 4n channel. Also at the same energy 
two chains from the 3n channel were measured resulting 
in a cross-section of (1.14) 2) pb. This experiment was 
performed in April-May, 2004 [56]. Four cross sections 
data marked by solid blue symbols listed in Fig. 4. 

In GSI laboratary, at energy E* = 40.9 MeV, they 
detected six decay chains, four events were assigned to 
the 4n channel resulting in a cross section of (3.4777) 
pb and one from the other two events to the 3n chan- 


nel. Therefore the cross-section of (0.913'7) pb is present 


here, which is valid for the event definitely as signed to 
293116. No event was observed in the second part of the 
experiment at E* = 45.0 MeV, resulting in a one-event 
cross-section limit of 1.6 pb. Three cross sections data 
marked by solid black symbols list in Fig. 4. 

In RIKEN laboratory, the fusion reaction “Ca + 
248Cm —> 2°6Lv* was investigated using the gas-filled re- 
coil ion separator GARIS at RIKEN. The reaction was 
studied at excitation energies of 41.3 and 38.2 MeV. A 
total of seven decay chains were observed. Three of the 
chains were assigned to the decay of ?°?Lv and three 
to the decay of ?9%Lv. The resulting cross sections are 
Tan = (3.1778) pb at E* = 41.3 MeV, oan = (1.0435) 
pb, and osn = (1.817?) pb at E* = 41.3 and 38.2 MeV, 
respectively. In the case of unobserved decay chains, the 
one event cross section limits are 1.9 and 1.6 pb at E* 
= 41.3 and 38.2 MeV, respectively. Three cross-sections 
data marked by solid red symbols in Fig. 4. In theory cal- 
culation, Qvyalue of the reactions “8Ca-+?48Cm — ?9®Ly* 
is -166.57 MeV, the VBass potential is 197.12 MeV, which 
indicated by solid black arrow. The dash line and solid 
line are calculated excitation functions correspond to 3n 
and 4n evaporation channels. One can see from Fig.4 
that calculated excitation functions have a good agree- 
ment with all the available experimental data[40—42]. 

In collision of 48Ca+?48Cm at energies around Coulom- 
b barrier, the MNT products are dominant in all isotopic 
yields. In 1980s, to study the role of neutron-rich projec- 
tile **Ca in enhancing the yields of neutron-rich actinides 
and to determine what effect the eight fewer neutrons in 
48Ca would have on the mass distribution, two series of 
experiments were performed at LBL and at GSI using 
the radiochemical methods and on-line gas-jet transport 
of short-lived reaction products combined with electron- 
ic detection systems|44]. Above-target isotopes from Bk 
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FIG. 2. (Color online) The driver potentials of “8Ca+?48Cm 
at tip-tip collision. Potential energy surface as a function 
of mass calculated at two fixed distances between projectile 
and target. The arrows and black solid circles indicates the 
entrance channel. Solid triangle is the compound nuclei. The 
two solid lines are minimum value in two-dimensions potential 
energy surface. 


to Fm, below target isotopes of Rn, Ra, Ac, Th, U, Pu 
have been observed in the reactions of ““Ca + 748Cm 
at incident energies Ejay = 223-239, 248-263, 247-263, 
272-288, 304-318 MeV. The max yields of above target 
isotopes are around Fiap = 248-263 MeV. In this paper, 
we report on production of Bk, Cf, Es and Fm only. The 
production of below target isotopes have been discussed 
in paper [57]. 

In the year 2000, experiments of 4®Ca+?4%Cm at in- 
cident energies Fiab = 265.4, 270.2 MeV have been per- 
formed in GSI[47]. In the experiment, fusion product- 
s and target-like transfer reaction products have been 
measured on SHIP. Due to short dection time (two days) 
and limited seperation method, several above target iso- 
topes have been obtained. They are ?52:254 Cf, 254,256 Es, 
254,256Fm listed in TABLE I. 


The cross-sections measured in ref. [46] for the same 
isotopes and same collision system are also listed for com- 
parison. The results from both experiments are quite 
well in agreement despite the different experimental tech- 
niques and systematic uncertainties. For example, cross- 
sections for the directly populated nuclides ?°4Cf and 
254Fs are in agreement within a factor of ~ 1.8 and 1.5 
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FIG. 3. (Color online) Calculated TKE-mass distribution of 
primary reaction products in the collision of **Ca+?48Cm at 
Eia» = 5.5 MeV/nucleon. The fragments in square areas are 
overcome the inner fusion barrier (Businaro Gallone point). 
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FIG. 4. (Color online) The calculated evaporation residues as 
a function of excitation energy in the reaction “*Ca(?**Cm, 
xn). Cross-sections and cross-section limits of the reaction 
48Ca + *48Cm — 799116" measured in GSI[41], FLNR[40] 
and RIKEN[42]. The data for synthesis of 297116 (3n channel, 
triangles) and *°7116 (4n channel, squares) are shown. 


times compared to the cross-sections presented in paper 
[46]. For the same reaction system, different seperation 
methods can result in several orders magnitude discrep- 
ancy. Predicted and identified MNT products from Bk to 
Fm along with the measured cross-sections is presented 
in Fig. 5. Compared to the measured cross- section, cal- 
culation have a good agreement reasonably. Calculation 
and experiemntal data reveal a trend that cross section 
of a certain MNT products decrease on average by one 
order of magnitude with the transfer of each proton from 
the projectile to the target nucleus, because of the heav- 
ier above-target isotopes and the smaller fission barriers. 
Here predictions have been made for unknown isotopes 
254Bk, 257Cf, 259Es, 260Fm, 263,44, 264,265No 2667 r and 
268Rf, which are 0.4, 0.2, 0.1, 0.2, 0.2, 0.9, 0.6, 0.2 and 1 
nb respectively. 
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FIG. 5. (Color online) Predicted and measured isotopic distribution for the production of target-like fragments with Z = 
97-100 in the collisions of “8Ca+?4%Cm. The experimental data are taken from Gesellschaft fiir Schwerionenforschung (GSI, 
Germany) [44] and Lawrence Berkeley Laboratory (LBL, America) [45]. 


Collisions of atomic nuclei are ideal to investigate equi- 
libration and dissipative process in quantum many body 
system|[58, 59]. Exploring nuclear dynamics in complete 
and incomplete fusion for heavy ion collisions can be used 
to understand the interplay between equilibrium and dis- 
sipation in quantum system. In collision process, neucle- 
ons can diffuse from target to compound nuclei, where 
probabilties of all formed fragments will be exported at 
every moment. Then, the dynamical process of isotopic 
yields from pre-equilibrium to equilibrium can reveal a 
boundary line bewteen complete fusion and multinucle- 
on trnsfer reactions. The timescale for mass equilibrium 
(~ 10~?° s) is found to be larger than timescale for ki- 
netic energy dissipations which is on the order of 107?! 
s. In our approach, collisions of 48Ca + ?48Cm at Elab 
= 5.5 MeV/nucleon with impact parameter L = 25 h, 
dynamical nucleon transfer between projectile and tar- 
get have been exhibited by plotting graphs for all frag- 
ments production in different timescales, when they were 
2x107?? s, 4x107?2 s, 1x107?! s, 2x107?! s, 4x107?! 
s and 5.7x107?! s, where they located in Fig.6 (a), (b), 
(c), (d), (e) and (f), respectively. One can see that the 
composite system starts to fusion compound nuclei from 
5.7x107?! s. We consider the timescale as a boundary 
between complete and incomplete fusion. The moments 


of collision partners fusing to compound nuclei are found 
in diffusion process. We calculate and find all these mo- 
ments corresponding to all impact parameters. Plot all 
these moments as a red dash line shown in Fig. 1(b). 
It was found that the up limitation of impact parame- 
ter for synthsis of superheavy element Z = 116 was L = 
56 h, mainly because the dissipatting energy of colliding 
system reached equilibrium almostly. The boundary line 
between CF and MNT have been found, which is around 
5.7x10~7! s. It is worth mentioning that our calculations 
for equilibrium timescales of fragment mass asymmetry 
and kinetic dissipation are consistant with those calcula- 
tions from TDHF and TDRPA [60]. 


IV. CONCLUSIONS 


In summary, production of above-target isotopes and 
compound nuclei has been investigated within the DNS 
model through complete fusion-evaporation and multinu- 
cleon transfer reactions, for the MNT products of Bk, Cf, 
Es, Fm, for the fusion-evaporation products of 297:293Ly, 
In the collision process, kinetic energy dissipating in in- 
ternal excitation energy heat up the composite system. 
The nucleon transfer takes place at the touching configu- 
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FIG. 6. (Color online) The production cross sections of primary fragments in collisions of “*Ca on 2“8Cm at the incident energy 
of 5.5 MeV/nucleon with the initial angular momentum of L = 25 A. Isotopes yields in panel (a), (b), (c), (d), (e) and (f) 


correspond to evolution time 2x10~7? s, 4x 10722 s, 1x107?! s, 2x107?! s, 4x107?! s and 5.7x1077? 


ration of two colliding nuclei under the PES. The valley 
shape of the PES influences the formation of primary 
fragments and leads to the production of quasi-fission 
isotopes. PES enable here is a diabatic type, which is de- 
rived by Qgg value, double-folding nuclear potential and 
Coulomb potential. The TKE-mass distribution of mult- 
inucleon trnsfer products reveals some quantities, name- 
ly, reaction mechanisms, dissipating energy, shell and 
structure effect. The calculation can explain both exper- 
iments results of complete fusion-evaporation products 
and multinucleon transfer fragments for “*Ca + 74°Cm 
reasonably. The available experiment data are achieved 
from laboratories all over the world, successively. In our 
calculation, the diffusion pathway from target to com- 
pound nuclei has been indicated, derived by dynamical 


s, respectively. 


competting with deep-inelastic and quasi fission for two 
heavy systems. The excitation functions of producing su- 
perheavy isotopes ?97:298Lyv are composed of experiment 
data from three different laboratories GSI, FLNR and 
RIKEN. 


We compare their experiment data obtained from t- 
wo groups, which are taget-like fragments in collision of 
48Ca + ?48Cm, where they have been performed at GSI 
& LBL in the year 1986 and 2010, repectively. It is found 
that the obtained isotopic cross section are highly depen- 
dent on identification method. In particular, for below- 
target isotopes (Z< 96), the cross section obtained by ra- 
diochemical mothed has three order of magnitude larger 
than that obtained by decay spectoscopy. However, the 
cross section of above-target nuclei (Z> 96) from both ex- 


TABLE I. Calculated and measured cross sections of isotopes 
are collected for the reactions of **Ca + ?48Cm around the 
Coulomb barrier energies. The errors listed in parentheses 
behind cross section value. 


Isotope] Exp.(wb)  Exp(ub) Exp.(yb) Cal. (ub) 
(MeV) (270) (247-263) (272-288) (264) 
Ref. [47] [44] [44] this work 
245 Bk 40 (40%) 67 (20%) 35.0 
246 Bk 360 (10%) 480 (15%) 69.6 
248 Bk 2900 (6%) 2680 (15%) 224.0 
250Bk 2520 (5%) 2920 (10%) 1061.0 
246 Cf 8 (2%) 1 (20%) 2.8 
ae 818 260 (2%) 210 (6%) 151.0 
250Cf 2380 (7%) 1935 (2%) 930.0 
2520f | <58.0 ub 225 (4%) 220 (15%) 81.0 
253 Cf 12 (20%) 4 (15%) 2.9 
254Cf | >0.12 ub 5 (30%) 1 (25%) 0.5 
250Fs 6 (40%) 5.5 
252 Fs 30 (15%) 24 (5%) 12.0 
253 Fs 0 (10%) 7.8 (15%) 26.0 
254Fs 10.9 ub (10%) a 1.4 (15%) 1.5 
252m 0.11 (35%) 0.06 (20%) 0.8 
254Fm |0.9 wb (10%) 0.81 (5%) 0.7 (8%) 1.1 
255Fm 0.9 (30%) 0.62 (10%) 0.47 
256Fm | 39 nb (36%) 0.24 (20%) 0.14 (15%) 0.07 
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